This work makes a theoretical-experimental contribution to the study of ester and alkane solutions. Experimental data of isobaric vapor-liquid equilibria (VLE) are presented at 101.3 kPa for binary systems of methyl ethanoate with six alkanes (from C 5 to C 10 ), and of volumes and mixing enthalpies, v E and h E . An interpretation of the behavior and a verification of structural models proposed previously by the same group are also given. For the treatment of thermodynamic data a polynomial model is proposed to obtain a simultaneous correlation of different properties available for a same system. Liquid-liquid equilibrium (LLE) data at low pressure are also used and c E p values, taken from literature, to perform the correlations described, generating a working procedure which is started on LLE data. The properties used for correlating are obtained in very different working conditions making it difficult to obtain a single correlation. However, the procedure followed produces good multiproperty correlations for each of the systems. An extended version of the NRTL model is also used with the purpose of comparing the efficacy of the method and model proposed, and produces acceptable results for the isobaric and isothermal VLE equilibrium but not for the LLE. Specifically, the model does not take into account the variation in h E = ϕ(T), as it does not reproduce the c E p . Estimates of the same properties made with the UNIFAC group contribution method are comparable to those obtained with the correlative NRTL method.
Introduction
In this work, experimental and theoretical contributions to thermodynamic properties, liquid-liquid equilibrium (LLE) and vapor-liquid equilibrium (VLE) are presented. First, to justify our work in relation to its experimental contributions, several years ago our research group systematically carried out studies into alkyl alkanoate solutions with different organic solvents, especially with alkanols, and published a large amount of data on excess properties [1] [2] [3] and isobaric VLE [4] [5] [6] [7] [8] [9] [10] . More recently, we started to work with mixtures of esters and hydrocarbons [11, 12] as primary systems of those above mentioned. Further interest into studies on esters, in addition to their presence in biofuels, is associated with their presence in many industrial processes, and their use as reagents or additives (in the food industry), forming part of solutions with other organic compounds. More detailed knowledge of the primary systems of esters and alkanes provides valuable information that helps us to understand better the systems constituting the applications cited above. The limited experimental data available for these primary systems explain why the predictive/correlative methods do not reach the level of precision currently required in engineering designs.
For this work, isobaric VLE were experimentally determined at 101.32 kPa for six binary systems of methyl ethanoate CH 3 COOCH 3 with one of the six saturated hydrocarbons C 5 to C 10 , because no isobaric studies were found in the literature with the exception of CH 3 COOCH 3 + C 7 H 16 system [13] . Many of the mixtures considered here have also been studied previously using some mixing properties, such as iso-T VLE [14, 15] , LLE [16, 17] , v E , h E [13, 14, and c E p [29] . Table 1 shows a summary of the properties measured by other authors, although only some of them are available for our study, such as is noted in Table 1 and explained in the following sections. New measurements are reported for v E and h E at several temperatures.
Estimates are given for different properties for the set of binaries reported in this study using the UNIFAC group contribution method [39] . As background information, application of this method to the corresponding binaries with ethyl ethanoate from a previous work Table 1 Thermodynamic properties used in the modelization procedure of the binaries methyl ethanoate + alkanes, references and operating conditions. [19] a , [26] a , [28] a , [32] a 298 101 [19] , [33] a , [34] a 303 101 [27] a , [ [18] a , [26] a , [28] a , [31] a , [33] a 298 101 [18] , [33] a , [38] 291  101  This work  298  101  This work  318  101  This work  318  101  This work  298 101 [20] 298 101 [20] a , [31] a , [33] a a Data not used in the correlation procedure of the corresponding system.
[12] produced acceptable estimates for isobaric VLE, although it did not show the change in h E values with temperature. Another part of this work, of a more theoretical nature, focuses on presenting a procedure for the simultaneous treatment of data on different thermodynamic properties for a given binary system with a flexible model already used and whose capacity to solve certain complex cases attempts to be evaluated. In previous works [40, 43] , different situations were proposed that initially presented obstacles to application of the model but that were resolved oneby-one. The model has been shown to have a good flexibility and can be used to set and meet increasingly complex goals. Hence, the presence of LLE and VLE data (iso-p and iso-T), and mixing properties, h E , g E , v E and c E p , for the binary systems selected, gave rise to new problems that the authors propose to resolve.
Modeling approach
One of the most interesting approaches in thermodynamic studies on phase equilibria is to represent/correlate qualitative/quantitative behavior of phase equilibria, which can be used to estimate characteristics of the phases (pressure, temperature and composition) when experimental data are not available. Several attempts have been made in this area to develop thermodynamic models of the activity coefficients or g E , with Equations of State (EOS), or combinations of these, EOS/g E , although the application of these mixing rules often results in a distortion of the model and/or the EOS. The number of adjustable parameters of the multifunctional model created in this way increases and the representation obtained is probably limited. In other cases, g E is considered to be independent of pressure, which is incorrect; these are general rules because they depend on the nature of compounds studied and on the working conditions and therefore the utilization of those presents some limitations. The reality is often complex, as sometimes proposed with the experimental data available.
Before we focus on the experimental data available in this work, we can describe some unexpected occurrences. On the one hand, the h E = h E (x, T) curves present an inversion as T advances, which mathematically corresponds to a minimum of the previous function, which makes the coefficient c E p = (∂h E /∂T ) p = 0 at that point. Hence, the succession of curves h E = h E (T) graphically generates a hyperbolic paraboloid such as that of Fig. 1a . On the other hand, the presence of LLE data at low pressures for the methyl ethanoate + alkane systems signifies the presence of data in a plane, such as the isobaric p 5 in Fig. 1b , much lower than experimental values of VLE presented here (at 101.32 kPa), be for example the plane p 3 , of the same figure. Hence, the treatment of data does not correspond to a case of VLLE but rather to the representation of curves in different planes of constant pressure (VLE and LLE) that correspond to the same surface, similar to the one represented in Fig. 1b for a generic case. The observation made about the graphs clearly reflects the difficulty of finding a single model that represents the different properties of a binary fluid system considering all the points mentioned.
The NRTL model [44] is probably one of the most used in the field of thermodynamics of solutions, so some of its more extended forms should be used [45] [46] [47] to also analyze the goodness of fit in these complex cases. Similarly, an important objective of this research is to provide a detailed explanation of the value of an extended form of the model previously used by the authors [40] [41] [42] [43] which, implemented on excess Gibbs function for multicomponent systems g E = g E (p, T, x 1 ), allows a multiproperty representation of solutions, using the same set of parameters for which we try to obtain optimum values. A correlative procedure must be designed for these theoretical models with a thorough analysis of the goodness of fit of the correlation/representation of surface areas such as those in Fig. 1a and b, since the minimization of errors offers more accurate subsequent simulations of separation processes where they are used.
Experimental

Materials
The chemical compounds used (methyl ethanoate and alkanes) are of the highest commercial purity (≈0.99 w/w) supplied by Aldrich. They were all degasified with ultrasound for several hours and treated with a 0.3 nm molecular sieve by Fluka to reduce the water contents. The quality of all the products was checked by GC (HP-9850 with FID) and the purity levels are reported in Table 2 . Furthermore, some physical properties were measured for all them, such as the normal boiling point T o b,i , the density , and the refractive index n D , at several temperatures. A comparison of the values obtained with those recorded in the literature (see Table 3 ) confirms the quality of the substances used in this work. The densities of nonane are particularly significant as they are used to calibrate the densimeter as described below. Water used to calibrate the apparatus was obtained by double distillation in our laboratory and degasified, giving a resulting electric conductance lower than 1 S. 
Apparatus and procedures
The density of all the pure compounds and mixtures of methyl ethanoate (1) + alkane (2) were measured at several temperatures using an Anton Paar DMA-55 digital densimeter, with a reading error of ±0.02 kg m −3 . The temperature of the oscillator was maintained stable at T ± 0.005 K, and the water was circulated using a 9012 Polyscience thermostatic waterbath. The densimeter was calibrated with water and nonane at different working temperatures following the standard procedure used by our group. To determine v E values at the different temperatures selected for this work, samples of known composition were prepared, with x 1 ± 0.0002, and the values obtained for volumes had an uncertainty of ±2 × 10 −9 m 3 mol −1 . In this way, data of (x, , v E ) were obtained which can be used to define the corresponding representations. Refractive indices n D for each compound were measured with a Zuzi 320 Abbe type refractometer with a reading error of ±0.0002 units. The refractometer was thermostatized at each of the temperatures with the previously described circulating water bath.
The mixing enthalpies h E were measured for the binaries CH 3 COOCH 3 + C n H 2n+2 at different temperatures in a MS80D Calvet conduction calorimeter by Setaram, Lyon (France). The apparatus was electrically calibrated at each temperature for Joule effect using an EJ3 Setaram power source. Thermograms were recorded using the Setsoft© commercial software from the same company. Real temperatures of the cells were adjusted as indicated in a previous work [40] , to achieve the preset values. The apparatus was tested at the temperatures 298.15 K and 318.15 K with the propanol + benzene mixture [51] . A comparison of the curves in the literature for these cases resulted in a mean value for uncertainty lower than 1% for h E and of ±0.0003 for the mole fraction.
The quantities that define isobaric VLE (p, T, x, y) for the selected systems were measured in a glass ebullometer of 60 cm 3 used with recirculation of both phases, described previously [52] , with additional elements described in another work [40] . Determinations of the compositions at equilibrium were obtained using a densimeter after reaching stable values for pressure, at (101.32 ± 0.02) kPa and temperature at (T ± 0.02) K, which was achieved after an average time of 15-20 min. A sample was taken from each of the phases and sent to densimeter at T = 298.15 K. Liquid x 1 and vapor y 1 compositions were estimated by a recursive procedure with the equation: (x 1 ) = [( 1 − 2 )x 1 + 2 ] + [x 1 (1 − x 1 )(ax 1 2 + bx 1 + c)], where , 1 , and 2 are the densities, respectively, of the samples, of the methyl ester and the alkane; the coefficients a, b and c of the previous expression are obtained beforehand in the correlation of experimental data of synthetically prepared samples. The same ebullometer was used to measure the vapor pressures of methyl ethanoate in the range T = 300-350 K.
Results and discussion
Presentation and treatment of excess properties
Excess volumes and enthalpies were determined for the binary mixtures, whose empirical formulation is: CH 3 COOCH 3 (1) + C n H 2n+2 (2) (n = 5-10), at the temperatures of 291.15, 298.15 and 318.15 K, except for the mixture with n = 5 for which the mixing properties were not measured at 318.15 K, a temperature higher than their normal boiling point. The series of data (x 1 , , v E ) are shown in Table S1 in Supporting information (SI) while Table S2 (SI) shows the pairs of values (x 1 , h E ) at 291.15 K for all the mixtures and at the temperature 318.15 K only for those corresponding to even hydrocarbons. The values of h E at the temperature of 298.15 K for these mixtures have been presented in previous works [13, [18] [19] [20] [21] [22] [23] [24] [25] .
Both excess properties were correlated with a previously used polynomial equation:
where the correlation coefficients are functions of temperature according to the expression,
The active fraction of the ester z 1 depends on its molar fraction x 1 and on a characteristic parameter of each mixture k,
The parameter k is related to a physical magnitude that depends on v E , h E , or another property. For correlation of the property volume, this parameter is called k v and is calculated from the quotient of the molar volumes of both pure components, and its value coincides with that of the volumetric fraction. In the correlation of enthalpic data, the parameter is called k h , and it is calculated from the ratio of the molar surfaces of the components by the expression,
where q i and r i (i = 1, 2) are the parameters for area and volume calculated by applying a group contribution method proposed by Bondi [53] . The coefficients A ij of Eq. (2) are obtained by a Table 4 Coefficients and standard deviation, s, obtained by using Eqs. (1) and (2) non-linear optimization procedure using as an objective function the equation;
The same mathematical treatment was carried out for the h E reported here and also for previously published values, which, as mentioned before were measured at another temperature.
Values of the coefficients A ij for each of the systems in the correlation of v E and h E are presented in Table 4 together with the standard deviations, s(y E ), of the fits. The correlation curves for these properties for each system are represented together with the experimental values in The experimental values are almost identical to ones we recorded and published previously [13, [18] [19] [20] [21] [22] [23] [24] and are similar to those recorded by Awwad et al. [28] , however they were significantly different to those of other authors [14, 26, [29] [30] [31] [32] [33] . At the temperature of 318.15 K (see Fig. 2c ) there is good agreement for methyl ethanoate + (C 7 ,C 9 ) mixtures in comparison with previous experimental values [23] . Table S2 (SI) shows the experimental data of (x 1 , h E ) for the systems in the experiment at 291.15 K for the complete set of mixtures and at 318.15 K only for binary mixtures for which "n" is even, as the others have been reported previously [18] [19] [20] [21] [22] [23] [24] [25] . The resulting parameters for the combined correlations of h E = h E (x 1 , T) are shown in Table 4 ; the corresponding graphs are shown in Fig. 3a -c, verifying that h E > 0 in all cases. In the corresponding insets, it is observed a quasi-irregular increase in h E at x 1 = 0.5, with hydrocarbon chain length, although there are no data in the literature for the comparison at 291. [14] , octane and nonane [38] . From these graphs, deductions can be made about the behavior of the systems studied. The h E and v E tend to increase with increasing number of CH 2 -groups in the saturated hydrocarbon, confirming the structural model previously established [12, 13] to describe the behavior of the systems. By contrast, a comparison of the mixtures containing other ethanoates shows that for the same alkane, the values of the mixing properties decrease with increased alkanolic chain length of the ethanoate due to a weakening of the dipole-dipole interaction, which is one of the causes of the effects commented.
It is important to emphasize the effect of temperature on the h E values. In the mixtures studied, the slope (∂h E /∂T) p changes direction owing to the fact that the variations in h E (x 1 , T) present a local minimum where, at least theoretically, c E p (x 1 , T ) = 0 should be obeyed. The literature [29] presents c E p (x 1 , T ) data for the mixture of methyl ethanoate (1) + heptane (2) at T = 298.15 K, for which the fitting function becomes zero at two composition points x 1 = 0.28 and x 1 = 0.89, which could correspond to a maximum and minimum respectively, of the function h E (x 1 , T), that can generate a surface like the one shown in Fig. 1a . The mathematical treatment cannot be carried out with Eqs. (1) and (2), since a quadratic function is required in "T". Hence, by adding a term in T 2 to Eq. (2) and performing a simultaneous fit of h E (x 1 , T) and c E p (x 1 , T ) with the resulting Eq. (1), a diagram like the one displayed in Fig. 3d is obtained, in which the function gives rise to a minimum for the h E (T) in T = 298 K and x 1 = 0.525; the maximum would correspond to T = 313 K and x 1 = 0.516. Although quantitatively the experimental values for c E p (x 1 , T ) do not appear to have been reproduced, the [18] ; , Ref. [19] ; , Ref. [20] ; , Ref. [24] ; , Ref. [13] ; , Ref. [23] ; , Ref. [26] ; , Ref. [28] ; , Ref. [29] ; , Ref. [30] ; , Ref. [31] ; , Ref. [32] ; , Ref. [33] ; , Ref. [14] . function produces a significant gradient for the c E p , hence a slight variation in T (∼0.15 K) produces values for this property that are almost the same as the experimental value [29] .
These "singular points" are referred to by some authors [29, 54] as the "omega effect" and are caused by a conformational change of the esters dissolved in the alkanes. The esters present a conformational equilibrium between the s-trans and s-cis forms, which signifies a change in its electrical dipole moment [54] . The dipolar moments of both conformations, calculated using the corresponding values for the C O and C O bonds, are 1.53 and 3.40 Debye for the s-trans and s-cis, conformations, respectively. The s-cis conformation ( = 3-4 Debye) stabilizes at high ester concentrations, while the s-trans conformation ( = 1-2 Debye) stabilizes at low ester concentrations, which causes the omega effect in the heat capacities, which are also a consequence of the thermal effects of the enthalpies. In other words, this unusual behavior of the esters in the mixtures occurs because its dipolar moments change with temperature. These observations could provoke an interesting debate about the presence of other singular points in the solutions, such as the azeotropic points, or the critical points (upper and lower) of solubility, which are also caused by changes in conformational situations. We will study these points in future research.
Vapor pressures
Vapor pressures, or their correlations, influence the determination and verification of thermodynamic properties of VLE. Hence, for the series of works planned here for binary mixtures of ethanoates + alkanes, vapor pressures must be measured for all the compounds in a broader interval of temperatures and pressures.
The values and corresponding correlations for the alkanes have been recorded in a previous work [12] , so here we have only included the values of methyl ethanoate. Table S3 gives Table 5 , where the data are compared with others from the literature.
The coefficients A, B and C of this equation can be used to indirectly determine the values corresponding to the same equation in reduced coordinates, in order to obtain the acentric factor ω defined Table 5 Coefficients A, B, and C of the Antoine equation: [48] . c Ref. [7] . d Ref. [58] . e Ref. [56] . Fig. 4 . Representation of the vapor pressures lines in reduced coordinates as a function of (1/Tr) for methyl ethanoate (ME), ethyl ethanoate and alkanes (C5-C10). Symbols represent the azeotropic points for ME + C5 (black) and their comparison with those for ME + C6 (green) and ME + C7 (blue). , this work; , Ref. [61] ; , Ref. [15] ; , Ref. [14] ; , Ref. [62] ; , Ref. [63] ; , Ref. [64] ; , Ref. [36] ; , Ref. [13] ; , Ref. [39] .
by Pitzer [55] ), which gives rise to values for a, b and c, which are recorded in Table 5 (in parenthesis). In this way, the acentric factor can be obtained from: ω = b + (c − 0.7)(a + 1). The value obtained is found to be acceptable when compared with others in the literature or with that estimated by Lee-Kesler [56] . Fig. 4 shows the straight lines corresponding to log p o i,r = (1/T r ) for all the compounds of this work using the parameters obtained and the position sequence.
Presentation of VLE data
From the direct experimental values of VLE obtained in isobaric conditions of p = (101.32 ± 0.02) kPa, (p, T, x 1 , y 1 ), for the six binary systems CH 3 COOCH 3 (1) + C n H 2n+2 (2) (n = 5-10), it is necessary to calculate the values corresponding to the quantities that characterize the VLE. The activity coefficients are calculated by the expression:
that considers the non-ideality of the vapor phase. Each of the quantities of Eq. (6) at the equilibrium temperatures, with the modified version of Rackett's equation [57] , using the parameters Z RA published in Reid et al. [58] , ı 12 = 2B ij − B ii − B jj , from the virial coefficients which, for both the pure compounds B ii and B jj and also the mixtures B ij , are estimated from the Tsonopoulos relationships [59] . With the (x i , ln i ) values, those corresponding to adimensional excess Gibbs function, g E /RT, can be obtained for each equilibrium stage. All the i are compiled in Table S4 ( Other characteristic representations of the VLE using compositions and temperatures are reflected, respectively, in the form of (y 1 − x 1 ) vs x 1 and T vs x 1 , y 1 . The comparison with literature data [13] for the binary with heptane is acceptable. The azeotropic points obtained, where y 1 − x 1 = 0, corresponding to mixtures with methyl ethanoate + C n H 2n+2 (n = 5, 6, 7) are recorded in Table S5 (SI), which compares data with those obtained by other authors [13] [14] [15] 36, [61] [62] [63] [64] . Fig. 4 shows the corresponding points obtained using reduced variables and using as a mixing rule for the critical properties those determined by: p c,12 = √ p c,1 · p c,2 and
This proposal is a result of considering that the singular azeotropic point is the point of the vapor-liquid saturation curve corresponding to a pure compound, not taking into consideration its composition. From the graph it is evident that it is not easy to obtain a mathematical relationship for the different azeotropes for these mixtures using reduced quantities, although some aspects that have been studied previously will be addressed in future works.
Procedure used for the multiproperty correlation
Proposed model
The values obtained for the dimensionless excess Gibbs function, Table S4 (SI), can be used to create the data base for g E (p, T, x 1 , y 1 ) for each of the systems. The correlation is made of the properties with a model and procedure previously used by the authors in other works [40] [41] [42] [43] . The general form of the model, based on Gibbs function, and dependent on three variables, is as follows:
where the active fraction z, is defined by Eq. (3) and g i are coefficients g i = g i (T, p) of fit. In the isobaric studies the coefficients are temperature-dependent alone according to a similar relationship to Eq. (2).
The derivation of Eq. (7) can produce expressions for other thermodynamic properties. For example, the partial molar property of Gibbs function gives rise to the activity coefficients, which are calculated from the expression:
Using Eq. (7) the following expression is given for the activity coefficients,
This equation is true when g −1 = g 3 = 0. Another important quantity in studies on solutions is the excess enthalpy: where :
The third summand of Eq. (11) can be calculated using (dz/dt) = (∂z/∂k)(dk/dt), however, as shown in previous works [12, 40] , the variation in the parameter k with temperature is minimum, nulling the corresponding term in Eq. (11) and the final expression is simplified as follow:
From Eq. (13):
When isothermal VLE data are available for the system being studied, the excess volumes can also be calculated by:
where Y is Eq. (12) . If the active fraction z is considered to be independent of pressure, the entire summand is eliminated from Eq. (15) . The advantage of the parametric model proposed is that it is useful to carry out correlations of multiproperties, depending on the demands or the level of accuracy required by the researcher. This is what gives the model its complexity, and sometimes other relationships are required for g i = g i (T, p), other than (2) . (a) iso-p VLE, this work: ( ), T vs x1, y1; ( ), (y1 − x1) vs x1; , Ref. [13] . (b) iso-p VLE, this work: , g E /RT vs x1; , i vs x1; , from Ref. [13] . [29] . (e) Plots of VLE ( ) and LLE ( ) from Ref. [16] , ( ) Ref. [17] . (f) Plots in 3D of the surface h E (x1, T) resulting of the multiproperty correlation for methyl ethanoate (1) + heptane (2). 
That is useful to carry out simultaneous correlations of isobaric and isothermal VLE data [40, 41] , and also of other mixing properties, h E and v E , with excellent results. With an even more simplified form, the model was used for the correlation of LLE data [43] alone. However, since in this work data were available in the literature for several properties of the same system, and also for LLE, we decided to try to carry out global correlations of all the quantities found for each binary system. Because of the presence in the literature of very variable conditions of pressure and temperature, it was necessary to increase the number of terms in Eq. (16) , with a cubic term in T. In a previous paper [40] , a more reduced form of Eq. (16) was used (containing five terms), however the need for an additional coefficient in this work can be justified by the large temperature range that the model intends to cover, for one system, from the boiling points of the VLE to values of UCST of the LLE, in some cases even lower than 220 K.
The proposed correlation procedure presents an additional difficulty if we compare it with others described in previous works [42, 43] since the modeling of LLE with the function g E = g E (x 1 , p, T) cannot be carried out directly, since experimental values for g E are not available for these equilibria. Hence, the combined correlation is carried out by setting up a two-stage procedure, with the following operational aspects:
I. -Initially it would only use the LLE data and would have the goal of trying to improve the fit of the model, using a similar, but tailor-made version of Eq. (1), such as: where now theĝ i are the coefficients that generate Gibbs function g E ELL for LLE, with a similar expression to Eq. (16) as mentioned previously, but only for the correlation of LLE data.
The LLE data taken from the literature for five systems were measured at a single vacuum pressure, so in Eq. (18) only the temperature is affected. However, the methyl ethanoate + heptane system offers values at two pressures, and the complexity of the model increases to fit the data. Since the values corresponding to both parts of Eq. (17) are not known and the data cannot be fitted in the conventional way, it is necessary to recur to a procedure described previously [43] . The isoactivity criterion establishes a necessary condition for the LLE data of the two compounds, generating the following relationships for the activity coefficients , p j , T j ) (19) However, these equations are not a sufficient-condition since there are multiple combinations of the parametersĝ i that can satisfy it with some degree of error. It is, therefore, necessary to impose two conditions on the correlation procedure: (a) an objective function that takes into consideration the experimental data and (b) the guarantee of stability of the phases. To be able to carry out this procedure, since the experimental LLE data do not include the compositions of both phases for each temperature, the conjugated compositions must be obtained, for the phase of unknown composition, by interpolation. Now, a first approach is attempted to obtain the activity coefficients, using only the isoactivity criterion through the following objective function:
by using the experimental data and also those obtained by interpolation as shown here. In this way, the optimization procedure targets the solution as close as possible to the physical reality. The purpose of this step is to obtain the optimum value of fit of the experimental data, recurring to the following objective function
The values of x I ij,cal and x II ij,cal are obtained by resolving, for a given value of theĝ i parameters, the non-linear system of equations generated by the isoactivity criteria, Eqs. (19) . Another aspect to take into consideration at this stage of the calculation is the condition that guarantees the stability of the phases, which is verified with the criterion of the second derivative of Gibbs excess function
In this stage of the procedure, the set of parametersĝ i is calculated, which generates values for the function defined by Eq. (17), as the most adequate to describe the LLE.
II. -The final step of the multiproperty regression calculation consists in using Eqs. (7) and (16) For methyl ethanoate + decane system (without LLE data) the expression used for g i (p, T) was a reduced form of Eq. (16) . Hence, the multiobjective function used here is as follows:
where the s(y E ) indicate the corresponding standard deviations between the values of the model and the property y E . The coefficients "c" are correction-parameters for the different quantities, which permit these to be modulated to obtain the best value from among the values of the Pareto frontier. Evidently, if data are not available for a given property, its associated coefficient will be zero. The physical values of the LLE (T,
) are very sensitive to changes in g E LLE values, so to ensure a correct reproduction of the LLEs, the fit of this property must be prioritized using a high value for the corresponding coefficient c LLE . From the second step, the final values of the parameters g i for Eq. (16) of the proposed model, Eq. (7), give rise to a simultaneous representation of all the properties considered.
NRTL model
The NRTL model [44] is one of the ones most used in the field of the thermodynamics of solutions, so it is used as a reference to validate the application of the proposed model; the procedure is shown in detail in the previous section. The mathematical form:
contains two adjustable parameters, G ij and ij , although both of these are linked together through a third parameter ˛, that gives it non-randomness,
, that can also be subjected to the correlation process described in Section 4.1. However, there are some limitations to application of the NRTL model in the data treatment, mainly because the successive derived functions of Eq. (24) are increasingly complex, making correlation difficult. Because of the complexity of the correlations proposed here, it is necessary to use a model with a greater number of parameters, resorting to more extensive forms for the ij (T). Various options were possible from the literature consulted [45, 46] but we chose the one proposed by Ko et al. [47] , to which a final summand has been added, which is finally expressed as follows:
There are nine optimizable parameters of the model, eight g ijk and ˛. To obtain them, a two-step correlative procedure was used that is described in Section 4.1. First, a function is generated for (g E LLE /RT ), which is identified with Eq. (24), from where some values forˆ ij andĜ ij are determined, with the limitation of the isoactivity criterion of Eq. (19) . In the second step, the theoretical values obtained for this excess Gibbs pseudo-function are used that will later be employed in a multiobjective procedure which includes all the properties available for each system, Eq. (23).
The NRTL model used does not contain terms dependent on pressure, and its capacity is limited to reproduce systems with LLE and VLE data at different values of constant pressure, so cannot be used for the correlation of excess volumes using VLE data in isothermal conditions.
Modeling of thermodynamic data for systems of methyl ethanoate + alkanes
The procedure indicated in Section 4, both for the proposed model with Eq. (7) and for the NRTL, Eq. (24), was used to correlate the sets of experimental data studied in this work and those presented in the literature for different properties of a given system. The model was practically applied to six binary systems {CH 3 COOCH 3 (1) + C n H 2n+2 (2) (n = 5-10)}. Although our experimentation was the same in the six systems, the availability of the data found in the literature for each one was not uniform, therefore, details of the modeling carried out are given in this section with an independent analysis for each of the binary systems. Table 1 gives a summary of the database used for the treatment and modeling of the mixtures, while Table 6 records the coefficients for the two models used, together with the goodness of fit for each case.
Methyl ethanoate + pentane
The properties used for the modeling of each system were taken from the references shown in Table 1 . Fig. 5b shows the quantities corresponding to adimensional Gibbs function g E /RT, and the activity coefficients i , obtained in the isobaric (this work) and isothermal VLE [14, 15] . The representation with the proposed model, Eq. (7), can be considered to be acceptable for the different cases of VLE except for those presented in ref [14] , which show much higher values than those calculated. Representation of the mixing properties h E and v E are acceptable, see Fig. 5c , and show the variation in h E = h E (T), which has a negative slope. The correlation is also good for the LLE in spite of the large difference in the working pressure (0.3 kPa) compared to the value of 101.32 kPa for the VLE, which is also clearly reflected in Fig. 5d in 3D .
The multiproperty correlation with the NRTL model [44] can be considered to be acceptable in cases of iso-p and iso-T VLE (see Fig. 5b ) although it does not adequately represent the LLE curve (Fig. 5d) . The h E have also been estimated, in spite of the inversion produced in the excess property by the rise in temperature, but the v E could not be estimated because the equation used does not have terms that include pressure. Finally, the prediction made with the UNIFAC model [39] is acceptable for the VLE, although it is not good at distinguishing the influence of temperature on the enthalpies, since the data h E (298 K) > h E (291 K) evolve in an opposite direction to the real situation; no deductions can be made about estimation of v E values either. Fig. 5a and b shows a good estimation of VLE data, but not of the system's solubility curve, as can be seen in Fig. 5d .
In summary, the polynomial model proposed here gives a good correlation of all the properties found for the methyl ethanoate + pentane system. The NRTL and UNIFAC adequately predict the VLE (iso-p, iso-T), but not the LLE; the group contribution method does not represent the inversion of the enthalpiestemperature slope either. Table 1 shows the set of data used to model this binary system. Here, the LLE data are shown at 0.4 kPa and only the iso-p VLE data are used, presented in Table S4 (SI), since no others were found in the literature. The polynomial model of the active fractions z produce acceptable estimates in all cases, including the mixing property h E ; for this system there is no correlation of the v E as no iso-T VLE data are available. All this is shown in Fig. 6a-d , and 3D, of Fig. 6d , represents graphically the quality of fit of the different models for the phase equilibria. Observations about the NRTL are very similar to those made for the methyl ethanoate + pentane mixture, since they do not reproduce the LLE, and show a very similar representation to that produced by the UNIFAC method. This Table 6 Results obtained in the multiproperty correlation process using the proposed model and that of NRTL for methyl ethanoate + an alkane.
Methyl ethanoate + hexane
Proposed model in this work, Eq. (7) with parameters g i for Eq. (16) NRTL, Eqs. (24) and (25 Fig. 6b ).
Methyl ethanoate + heptane
For the methyl ethanoate + heptane system experimental data of isobaric VLE have been taken, shown in Table S4 (SI), and h E data at several temperatures from the references recorded in Table 1 . Moreover, this is the only binary for which c E p [29] data are available, which can be used to define the profile of the function h E = h E (x, T), this must therefore present a minimum in the interval [291. 15-298.15 ] K, a single point where it is found that (∂h E /∂T ) p = c E p = 0, previously mentioned in Section 3.1, which results in the representation of a hyperbolic paraboloid like the one shown in Fig. 1a . Moreover, for this system the literature consulted [16, 17] presents two series of LLE data, one measured in a high vacuum (0.7 kPa) and the other series measured almost at atmospheric pressure, for which the references are given in Table 1 . The combination of all these properties comprises a database that makes it difficult to carry out the mathematical modeling.
For this system, our model carries out a combined correlation of the properties mentioned, which can be qualified as good. The parameters of fit obtained and the standard deviations of each property are recorded in detail in Table 6 and the corresponding representations of these are shown in Fig. 7a-f . The recalculated values of (T, x 1 , y 1 ) shown in Fig. 7a are in good agreement with experimental values, while the LLE at 0.7 kPa are reproduced adequately, although with a slight increase in the UCST value. By contrast, the LLE curve obtained at 82 kPa is somewhat lower than that measured by Riccardi et al. [17] . In this case, the model does not give a good representation of the LLE, perhaps because the experimental behavior of the mixture at 82 kPa is opposite to what one would expect when referring to the other case, see Ref. [16] (the increase in pressure usually would correspond to a decrease in the UCST); which would result in an undesired representation. Finally, Fig. 7d shows the good estimation of the c E p curve that produces two "singular points" close to x 1 = 0.28 and x 1 = 0.89 where c E p = 0. Fig. 7f shows the 3D representation of the hyperbolic paraboloid that the proposed model produces in its multiproperty correlation, together with other quantities considered for this system. In this case, there is a loss of precision owing to the extensive correlative capacity required of the model.
When the NRTL is used, it is noteworthy that the model does not distinguish the measurements made at different pressures and provides the same fit of LLE data (see Fig. 7e ) producing an overdimensioned curve for T in relation to experimental data. Fig. 7c shows the results of fitting the h E , in which the NRTL model is incapable of correlating the enthalpies at different T, producing curves that are very close together, giving rise to an inadequate representation of c E p (x) (see Fig. 7d ). Finally, the UNIFAC group contribution method gives an acceptable representation of the VLE and the h E from a qualitative perspective, since the slope with the temperature of h E = h E (T) is positive, and does not show the inversion the property produces for this system. Therefore, the heat capacity (Fig. 7d ) is positive and is very different from real values. Representation of the LLE for this system is similar to that obtained with the NRTL model, as shown in Fig. 7e .
Systems methyl ethanoate + octane and + nonane
Details of the modeling of the system of methyl ethanoate with octane and with nonane are given here in the same section, since analogous data are available for both systems, as shown in Table 1 . The only differences worth noting are a slight difference in the working pressure in LLE measurements of 1.1 kPa for octane and 1.8 kPa for the mixture with nonane. Figs. 8a-d and 9-d show the representations for the corresponding systems made with the polynomial model, Eq. (7), and that of NRTL, Eq. (24) , showing a very different correlation of VLE and LLE data for both of these. The greatest differences are found with the NRTL model, which does not represent both equilibria, but this does not happen for the enthalpies. The UNIFAC model produces an acceptable representation of VLE data and enthalpies from a qualitative perspective (without distinguishing working temperatures), but not of LLE, as can be seen in Figs. 8d and 9d. 
Methyl ethanoate + decane
LLE data were not found in the literature for this system so the correlation process only uses data produced in this work. Hence, a smaller number of coefficients were used for the model, Eq. (7), and g i6 used in previous cases was eliminated from the model, as can be seen in Eq. (16) . With the parameters shown in Table 6 , the corresponding representations shown in Fig. 10a-d were produced, showing a good correlation of all the properties; the quantitative assessment is confirmed with the deviations shown in Table 6 . The hyperbolic paraboloid representation that shows the surface h E = h E (x, T) for this system can be seen in Fig. 10d . Similarly, with the parameters of the NRTL model of the same table, an acceptable representation is obtained of the VLE data (see Fig. 10a and b) although the representation of the h E is less complete, owing to the difficulty of following the variation with T. The UNIFAC method slightly overestimates the VLE properties, although it gives a good representation of the values of (x, y, T), as can be seen in Fig. 10a . As for the remaining systems, the group contribution method does not establish the variations in h E = h E (T).
Discussion
For this work, the authors set an objective based on the multiproperty thermodynamic-mathematical modeling belonging to the same fluid system, using two models: an extended version of the NRTL [44] [45] [46] [47] and a polynomial model used previously [40] [41] [42] [43] . The objective was to study the capacity of both of these to represent a set of systems for which values of their thermodynamic properties are presented in significantly different working conditions. These were applied to a set of binary systems of methyl ethanoate + alkanes (C 5 -C 10 ) and experimental data of the mixing properties, v E and h E , were provided at different temperatures and isobaric VLE at 101.32 kPa. Data of other properties were obtained from the literature: c E p for the methyl ethanoate + heptane mixture [29] , iso-T VLEs for methyl ethanoate + pentane [14, 15] , and LLEs at low pressures for all the mixtures [16, 17] except for decane. The resulting database is recorded in Table 1 . The summary of the application of the model for a multiproperty correlation for the systems chosen is that the proposed polynomial model, Eq. (7), with the coefficients g i = g i (T, p) expressed by a similar equation to Eq. (17), reproduces well the general behavior of the selected binary systems through their different properties. Application of the NRTL model to the same cases gives an acceptable representation of VLE and enthalpies but not of LLE or the c E p of the only system studied;
NRTL alone does not give values of v E . The parameter ˛ obtained in this work for the different mixtures (see Table 6 ) is almost zero except for the one corresponding to the mixture with decane. However, this parameter must not be omitted or nulled because then Eq. (25) would be changed from the initial form. The polynomial model has the advantage of being flexible, permitting the number of parameters to be changed and the number of coefficients to be optimized to suit different situations. Properties have also been estimated with UNIFAC, version of Gmehling et al. [39] , which, with the same set of parameters exclusive for the interaction CH 3 COO/CH 2 , presents a similar behavior to the NRTL model, both in the estimation of isothermal and isobaric VLE, which it does acceptably, and also in the estimation of LLE and c E p for which its description is not correct.
Future works will aim to extend the model to systems with a broader database, in an attempt to reproduce part of the surface representing the pressure-temperature-composition of a given system (Fig. 1b) 
